Background: Obesogenic effects of diets provided after undernutrition are controversial. Results: Undernourished rats transferred to high-lipid diets show hyperphagia, dyslipidemia, ectopic lipids, adipose inflammation, and signs of browning. Conclusion: Chronic food restriction increases metabolic risks of subsequent nutritional recovery, without inducing obesity. Significance: The present study may help to understand some deleterious consequences undergone by undernourished people submitted to nutritional rehabilitation.
Adverse environmental factors during growth stages can affect vulnerable immature tissues, leading to increased morbidity later in life. Nourishment has a major influence on development. Early diet imbalances such as overnutrition and undernutrition are common worldwide, and their consequences are a major public health concern, given that they are associated with an increased risk of various diseases in adulthood, as shown by data from epidemiological, clinical, and experimental studies (1, 2) . Paradoxically, one of the possible sequelae of early undernutrition is obesity. Ravelli et al. (3) reported that poor maternal nutrition during pregnancy, resulting from the historic Dutch Hunger Winter, could have resulted in an increased tendency toward obesity. Other historic famines have lead authors to similar conclusions (4) . Statistical data suggest a high obesity risk among population groups with the highest rates of past poverty, which usually have experienced previous undernutrition (5) . A correlation between low birth weight and an increased risk of obesity has also been documented among children subjected to poor nutrition who were subsequently integrated into feeding programs or transitioned into affluent conditions (6) . However, it is an issue still open because some authors have found no association between low birth weight and obesity (7) . In fact, there are no systematic reports showing an inverse association between birth weight and subsequent risk of obesity (8) . Most studies in this area have focused on obesity itself. However, fat distribution plays a key role in the development of metabolic disorders: visceral fat is harmful, rather than the obesity itself (9) . Thus, individuals with normal BMI and visceral adiposity have higher susceptibility to cardiovascular diseases (10) , and women with low BMI and high visceral fat show increased risk of mortality (11) .
A large number of people, who were poorly nourished as children, are now experiencing a shift toward a Western pattern diet, which is hypercaloric. To investigate whether the harmful effects of these diets are aggravated by a pre-condition of early undernutrition, animal models have been used, generally rodents; however, most experimental studies have used highly fatenriched formulas, which are obesogenic even without prior undernutrition (12) . On the other hand, human undernutrition is frequently not limited to the early stages of development but becomes a lasting condition (13) . However, the metabolic risks associated with long-term undernutrition have not been extensively investigated.
We developed a rat model of early, severe, and permanent food restriction and studied the impact on glucose homeostasis in females (14, 15) . The undernourished animals were exposed for 6.5 months to standard chow or to a cafeteria diet containing ϳ25% calories from fats, a formula that is less rich in lipids than those usually labeled as high-fat diets. The control group was given a cafeteria diet during the same period. We evaluated the effects of these diets on adiposity distribution, ectopic triglycerides, serum insulin and leptin, hypothalamic responses to these hormones, and whole insulin sensitivity. The aim was to investigate whether precocity and severity of lasting undernutrition facilitates obesity and/or some associated metabolic alterations.
Our main results show that undernutrition established a state of hyperphagia with the moderately high-lipid diet, probably driven by hypothalamic insulin and leptin resistance. This diet was slightly obesigenic for the control rats but not for those undernourished, despite the fact that their gain in body fat was proportionally higher than that of the controls. Perhaps, the protection against obesity is associated with a striking increase of UCP-1 observed in visceral and subcutaneous white adipose tissue, indicating a browning of these fat pads. However, these rats had higher triglyceride deposits in the liver and muscle, showing signs of steatosis. Also, the cafeteria formula increased tumor necrosis factor ␣ (TNF-␣) content in visceral fat in the undernourished rats. Finally, both the control and undernourished rats developed insulin resistance when they were subjected to any of the ad libitum diets. Our results favor the view that severe early undernutrition leads to harmful metabolic alterations, although not inducing obesity.
Experimental Procedures
Animals-All studies were conducted under an approved protocol (BFU 2011-25420) according to the principles and procedures outlined in the Committee for Animal Experimentation of UCM (Madrid, Spain). Wistar rats were bred in our laboratory with controlled conditions of temperature and lighting (light cycle from 0700 to 1900). Females were caged with males, and mating was confirmed by the presence of spermatozoa in vaginal smears. From the 14th day of pregnancy and during suckling, rats were subjected to a pattern of severe undernutrition previously described in detail (16) . Control rats were bred in parallel. From weaning to 70 days of life, females of each litter were selected and housed in pairs. Control rats (C) 2 were fed a standard rat chow ad libitum. Their food intake was calculated daily by weighing the remaining chow. Undernourished rats (U) were provided every day with 35% of the amount of chow eaten by controls. These groups were studied at 70 days (C70d and U70d). From that age up to 9 months, five groups were established as follows: C was randomly segregated into two groups: C9m, given the chow, and C-Caf9m, transferred to cafeteria diet, both ad libitum. Another three groups were formed from U animals: U9m kept on the standard chow restricted to 35%, U-Std9m switched to lab chow, and U-Caf9m, transferred to cafeteria formula, both supplied ad libitum. Spillage was negligible. All animals had free access to water. 16-h fasting rats were killed by decapitation and trunk blood was collected. Plasma and serum were stored at Ϫ80°C until analyzed. Similarly, adult rats were decapitated and blood was harvested from the trunk. The skull was opened, the brain was removed, and the hypothalami was rapidly dissected and frozen in liquid nitrogen. For immunohistochemical studies the brains were processed differently, as indicated below. On the other hand, pieces of liver, skeletal muscle (quadriceps), and visceral adipose tissue were also collected and placed in liquid nitrogen. All tissue samples were stored at Ϫ80°C until use.
Diets-Commercial A04 pelleted chow from SAFE (Scientific Animal Food and Engineering, PANLAB, Spain) contains by dry weight: 16% protein, 50% carbohydrate (starch and sucrose), 3% lipid, 4% cellulose, 5% vitamin and mineral mixture, and 12% water, with a caloric density of 2.9 Kcal/g. Cafeteria diet was manually prepared by adding a series of complementary ingredients to the commercial chow. Specifically: 330 g of full-cream milk, 150 g of full-cream milk powder, 100 g of cupcakes, and 90 g of sugar were mixed with 330 g of triturated standard chow, obtaining a homogenate used to prepare pellets, in the same size as the commercial chow, which were stored at 2-4°C. In terms of macronutrients, this diet corresponded to: 15% protein, 45% starch, 25% sucrose, and 13% lipids, by dry weights. The caloric density was 4.6 Kcal/g, calculated from the caloric equivalences of macronutrients.
Analytic Procedures-Serum leptin was measured using a conventional sandwich ELISA (Millipore Corporation). Plasma insulin was determined by RIA, using rat insulin as standard (Linco Research, MO). Serum glucose was analyzed by a glucose oxidase method (BioSystems Reagents and Instruments, Barcelona, Spain). Serum triglycerides and cholesterol were determined colorimetrically by diagnostic kits (BioSystems). Hepatic and muscle lipids were extracted using a method previously described (17) . After purification, the lipids were resuspended in isopropyl alcohol and cholesterol and triglycerides were analyzed as indicated above. Uric acid was assessed in hepatic homogenates by an uricase/peroxidase method (BioSystems).
Intracerebroventricular Hormone Treatments-Intracerebroventricular leptin and insulin administrations were performed as previously described (18) . Briefly, rats were anesthe- 2 The abbreviations used are: C, control; U, undernourished; C70D, control 70 days; U70D, undernourished 70 days; C9m, control 9 months given chow;
C-Caf9m, control 9 months given cafeteria diet; U9m, undernourished 9 months kept on the standard chow restricted to 35%; U-Std9m, undernourished 9 months switched to lab chow; U-Caf9m, undernourished 9 months transferred to cafeteria formula; POMC, pro-opiomelanocortin; NPY, neuropeptide Y; BMI, body mass index; LBM, lean body mass; GPx-1, glutathione peroxidase-1; GRs, glutathione reductase.
tized with i.p. sodium pentobarbital and placed in a stereotaxic frame (David Koppf, Tujunga, CA). An opening in the skull was made with a dental drill. Then rats were injected with leptin (25 mg/kg body weight) (A. F. Parlow National Hormone and Peptide Program, Torrance, CA), insulin (10 IU/kg body weight) (Actrapid, Novo, Copenhagen), or an equal volume of vehicle saline. Fifteen minutes after injections, rats were euthanized by decapitation. The hypothalamus was dissected and frozen in liquid nitrogen. Euglycemic Insulin Clamp Studies-These studies were performed in rats anesthetized with pentobarbital, as detailed previously (19) . Insulin (Actrapid, Novo, Copenhagen) was infused through a saphenous vein at a constant rate (5 IU/h/Kg). 30% glucose was infused through the other saphenous vein at a variable rate. After 30 min of starting the clamp, plasma glucose, and insulin remained constant without further adjusting the infusion rate. At this steady state, the overall glucose utilization reaches a constant value, which was monitored for an additional 30 min. Glucose disposal was determined from the rate of infusion normalized to body weight (mg of glucose/min/kg).
Immunoprecipitation-Lysates containing 500 g of proteins were immunoprecipitated overnight at 4°C in the presence of 2 g of anti-insulin receptor ␤ subunit, followed by the addition of protein A-agarose (Roche Diagnostics). After mixing for 2 h the pellets were collected by centrifugation (1000 ϫ g, 20 s) and the supernatants were discarded. Then the pellets were washed and used in Western blot analysis with antiphosphotyrosine.
Western Blot Analysis-The samples were subjected to SDS-PAGE on 6.5-10% polyacrylamide gels. Proteins were electrotransferred to polyvinylidine difluoride filters (PVDF), then blocked with 5% nonfat dry milk or 3% bovine serum albumin (for antiphosphotyrosine antibody) and incubated with primary antibody. Protein bands were visualized using ECL Western blotting detection kit (Amersham Biosciences). The following antibodies were purchased: anti-IRS-1, anti-IRS-2, anti-PTP1B, anti-JAK2, and anti-phospho-JAK2 (Chemicon/ Millipore, Temecula, CA); anti-insulin receptor ␤ subunit and antiphosphotyrosine (Upstate Biotechnology, Lake Placid, NY); anti-phospho-GSK3 ␣/␤, anti-Akt, anti-phospho-Akt, anti-STAT3, anti-phospho STAT3, and anti-SOCS3 (Cell Signaling Technology, Beverly, MA); anti-GSK3 ␣/␤, anti-POMC, anti-ObRb, anti-phospho-ObRb, anti-TNF-␣, and antiphosphoinsulin receptor (Santa Cruz Biotechnology); and anti-␤-actin (Sigma). ␤-Actin was used as loading control.
Quantitative RT-PCR Analysis-Total RNA was isolated using the TRIzol Reagent Kit (Invitrogen) following the manufacturer's instructions and reverse transcribed by a High Capacity cDNA Reverse Transcription kit (Applied Biosystems). For quantitative PCR analysis, mRNA expressions were determined using TaqMan gene expression assays (Applied Biosystems), for Rps18s (Rn01428913_gH), pro-opiomelanocortin (POMC) (Rn00595020_m1), neuropeptide Y (NPY) (Rn01410145_m1), glutathione peroxidase-1 (Rn00577994_g1), glutathione reductase (Rn01482159_m1), MCP-1 (Rn0058055_m1), and UCP-1 (Rn00562126_m1). The ⌬⌬C t method was used to calculate the relative expression levels of mRNA between experimental conditions and control groups using Rps18s as the internal control (20) .
Magnetic Resonance Imaging-Body fat was measured using a Bruker BioSpin (BioSpec: 47/40, Ettlingen, Germany) at Research Assisting Centre of Nuclear Magnetic Resonance (UCM, Madrid). Rats were anesthetized using isoflurane for the duration of the study. All images were acquired as longitudinal slices individually assessed using Image J Launcher 1.46r software. This analysis provides a direct measure of the total volume of adipose pads in every animal. From magnetic resonance images, it is possible to differentiate well between visceral and subcutaneous adipose tissues. Fat masses were calculated assuming density as 0.9 g/ml and equal tissue-hydration degree in all subjects and in the two fat depots (21) .
Body Mass Index and Lean Body Mass-The body mass index (BMI) was calculated from body weight and the body length (nose-to-anus length) using the formula: BMI ϭ body weight (Kg)/lenght 2 (m 2 ). Lean body mass (LBM) was estimated by subtracting the fat from body weight.
Statistical Analysis-All data are reported as mean Ϯ S.E. The difference between two mean values is assessed with t test. For multiple comparisons, significance was evaluated by analysis of variance, followed by the protected least significance test.
Results
Calorie Intakes of Undernourished Rats Submitted to Cafeteria Diet Was Increased-To evaluate to what extent early undernutrition induced overfeeding when food was available ad libitum, we measured the mean cumulative weekly calorie intakes during the period from 2.5 to 9 months of life, results are shown in Fig. 1a . We found no major differences between control groups, regardless of the type of diet. As expected, calorie intakes of undernourished rats increased when they were switched to standard chow but remained below control values. In contrast, calorie intakes of these restricted animals were greatly above all other groups after its transfer to cafeteria diet.
Anthropometric Indices of Restricted Rats Submitted to Cafeteria Formula Are Normalized-To determine whether ad libitum diets were able to achieve the recovery of restricted rats we evaluated several anthropometric parameters. As shown in Table 1 , undernourished 70-day-old rats weighed nearly 50% less than controls and their length was reduced by 20%. Both parameters remained under control values in the permanently restricted rats at 9 months of age. Rats fed with cafeteria diet weighed more than their matched lab chow animals. The percent of weight gained after exposure to this diet was much higher in the restricted rats than in controls: 138% (U-Caf9m) and 44% (C-Caf9m). The percentage of weight gained by U-Std9m rats was 113%, also much higher than that of controls (C9m, 29%). Between 70 days and 9 months body length was enhanced by 20% in control rats, regardless of the type of diet. During this period, the length increased by 30% in the permanently food-restricted rats (U9m), by 40% in those refed with the lab chow (U-Std9m), and by 48% in those transferred to cafeteria diet (U-Caf9m), whose final length was equivalent to controls. Abdominal and thoracic diameters of 9-month-old control rats on the cafeteria diet were about 10% higher than those of rats on chow. No significant differences in these parameters were observed between U9m and U-Std9m animals. However, the cafeteria diet induced a 26% increase in the abdominal diameter of restricted rats, thus matching the control value. There were no differences in the BMI between the two groups of 70-day-old animals. This parameter remained unchanged until 9 months in the controls fed the standard chow and increased in those transferred to the cafeteria diet. BMI underwent with age a nearly 25% drop in undernourished rats, which did not happen if they were transferred to lab chow or cafeteria formula. The LBM increased between 70 days and 9 months in control rats: 32% under chow and 46% under the cafeteria diet. It was lower in undernourished but increased by 50% over this period, despite maintaining food restriction. Importantly, the LBM increase markedly in U rats transferred to ad libitum regimes: 140 and 123% with cafeteria diet and lab chow, respectively. This parameter was normalized in both cases.
High-lipid Diet Increases Serum Triglycerides and Cholesterol without Altering Glycemia-We wanted to know if undernutrition following overfeeding entailed changes in the levels of some blood metabolites and hormones. There were no significant differences in glycemia of different groups (Table 1) . Serum levels of triglycerides and cholesterol were unaffected, or less affected, by age or type of diet in control rats ( Table 1) . Triglycerides were decreased and cholesterol increased in 70-day-old restricted rats, compared with controls. At 9 months, cholesterol was increased in those animals that, after undernutrition, were transferred to chow or cafeteria diet. Concerning triglycerides, they were markedly increased in undernourished animals rehabilitated with the cafeteria formula.
Undernutrition Modifies Insulinemia and Reduces the Postnatal Surge of Leptin-Serum insulin was markedly reduced in 70-day-old restricted rats but increased at 9 months to reach the values of age-matched controls. At that UCaf9m and UStd9m had higher insulinemia than U70d animals, although lower than U9m and all control groups (Table 1) . Serum leptin was analyzed at different stages during suckling ( Fig. 1b) . At 1 day of life we found similar levels in control and restricted pups. It was followed by an equivalent rise at 5 days. Leptin continued to increase transiently in controls, reaching a peak at 10 days, contrasting with the profile of the restricted pups at 10 and 14 days, when leptinemia was extremely low as compared with controls. At weaning there were similar low levels in both populations.
Cafeteria Formula Does Not Induce Obesity in the Previously Undernourished Rats-It is still a matter of discussion whether overfeeding after early growth retardation increases the risk of obesity. To provide information regarding this issue in a condition of severe retardation, we evaluated by NMR the amount of white adipose tissue. The whole body fat mass was about 3-fold lower in 70-day-old undernourished rats than in controls: 5.9 Ϯ 0.5 versus 17.0 Ϯ 2.0 g (p Ͻ 0.001), due to marked reductions in both visceral and subcutaneous fat depots ( Fig. 2a ). When rats were maintained until 9 months on standard chow provided either limitedly (U9m) or ad libitum (C9m, U-Std9m), the total fat mass increased. It was the same in control animals subjected to cafeteria diet (C-Caf9m) but they accumulated more fat mass. Two remarkable results were the following: (a) undernourished rats transferred to a high-lipid diet experienced the largest relative increase considering the previous content: 3.5versus 2.3-fold in controls and (b) total fat measured in rats rehabilitated with lab chow was similar to that present in the permanently restricted animals. With the cafeteria formula, the increment in specific visceral fat was much higher in relative terms in undernourished than in control rats: 6-(U-Caf9m) versus 2-fold (C-Caf9m). In undernourished rats rehabilitated with the standard chow (U-Std9m) the increase in this parameter was ϳ4-fold, also higher than in controls ( Fig. 2a ). Regard-ing subcutaneous fat, we found an increase between 70 days and 9 months in control rats, higher in the group under the cafeteria formula. An age-related increase of this fat pad was also found in the restricted group, but more pronounced ( Fig. 2a ).
Fat accumulated per unit of LBM remained unchanged with age in control rats, but increased by 50% under the cafeteria diet (C-Caf9m). This ratio was lower in 70-day-old food-restricted rats but increased with age despite maintaining restriction. This parameter did not increase when these animals were transferred to lab chow ad libitum but was notably increased (by 64%) when they were rehabilitated with cafeteria formula (Fig. 2b) .
The amounts of each specific adipose depot relative to total fat content are shown in Fig. 2b . These proportions experienced no significant changes in the control groups. At 70 days and, especially, 9 months the proportions of visceral fat were lower in restricted rats than in controls, but they underwent marked increases after rehabilitation, irrespective of the type of diet. Conversely, the subcutaneous fat relative to total fat was significantly elevated in undernourished animals of both ages and decreased to control values with nutritional rehabilitations.
Ectopic Triglycerides Are Increased in Undernourished Rats Switched to Cafeteria Formula-The increase of triglycerides within cells of non-adipose tissues induces a loss of insulin sensitivity, so we explored the existence of ectopic lipid deposits in liver and muscle. No significant differences in triglycerides deposited in liver were found between control groups of rats but undernutrition decreased them by 50% ( Table 2) . Transfer of restricted animals to ad libitum feeding increased these lipids: about twice with lab chow and three times with cafeteria diet. Hepatic cholesterol decreased by 25% with age in all control rats. This lipid decreased in undernourished rats, rising after rehabilitation with the cafeteria diet but not with standard chow. Muscle triglycerides were slightly enhanced in restricted rats, an unexpected result, and transfer to ad libitum diets implied further increases, most notably with the high lipid diet.
POMC Is Reduced and NPY Is Increased in Hypothalamus of Undernourished Rats-Trying to explain the cause of hyperphagia experienced by undernourished rats, we analyzed two essential factors for hypothalamic regulation of food intake: NPY, orexigenic, and POMC, anorexigenic. No changes were found in their expressions in control groups (Fig. 1c ). Food restriction significantly increased NPY, whereas reducing POMC. The switch to the ad libitum feeding regime resulted in a significant decline in NPY expression to control values, regardless of the type of diet. In contrast, POMC expression was stimulated by the transfer to the standard laboratory diet and depressed by the cafeteria formula. Undernutrition Induces Hypothalamic Leptin and Insulin Resistances-Leptin and insulin are afferent signals to the hypothalamus, exerting overlapping effects that result in a reduction of appetite. So we analyzed their main signaling proteins in the hypothalamus of 70-day-old rats, checking possible changes to help understand the hyperphagia of undernourishment. The abundances of leptin receptor (ObRb), JAK2, and STAT-3 were not affected by undernutrition (results not shown). Central administration of leptin increased the phosphorylation of ObRb, JAK2, and STAT3 in control but not in restricted rats. Because the PI3K/Akt pathway is also involved in leptin action, we analyzed the effect of intracerebroventricular leptin administration on p-Akt, showing a marked increase in control rats without changes in undernourishment. The amount of SOCS3 was higher in these animals than in their controls (Fig. 3a) . With respect to insulin signaling, there were no differences between the two groups of 70-day-old rats regarding the receptor (␤IR), IRS-1/2, Akt, and GSK3 (results not shown). After intracerebroventricular administration of insulin, the receptor phosphorylation increased in both groups of animals, more markedly in the restricted. Analysis of p-GSK3 showed that insulin stimulated the phosphorylation of two isoforms in control rats, a response not elicited in the restricted (Fig. 3b) .
Undernutrition followed by High-lipid Diet Increases the Markers of Inflammation and Browning in White Adipose
Tissue-As has been seen, restricted rats submitted to the highlipid diet did not develop obesity but showed typical alterations of this condition. Obesity results in an inflammatory state in which macrophage accumulation in adipose tissue plays a cru-cial role. mRNA levels of MCP-1, which contributes to macrophage infiltration, were similarly low in visceral adipose tissue of all control groups. The most striking result occurred in restricted rats transferred to the cafeteria formula, in which MCP-1 mRNA was increased by 10-fold (Fig. 4a ). The content of the inflammatory factor TNF-␣ was assessed in the same tissue. It was depressed in undernourished animals. Hypercaloric feeding induced an increase of this protein in control rats, but was much higher in the undernourished rats under either of the two ad libitum diets (Fig. 4a ).
Brown-like adipocytes in white adipose tissue (referred to as brite) can carry out thermogenesis (22) , a mechanism that may reduce obesity. To test the possibility of browning, we analyzed the uncoupling protein UCP-1 levels in both visceral and subcutaneous white adipose tissues, showing no alterations among control groups. Food restriction markedly decreased UCP-1 expression in visceral fat, which was barely detectable in rats rehabilitated with laboratory chow. In contrast, this expression experienced a sharp increase, nearly 60 times, in animals transferred to the cafeteria formula ( Fig. 4b) . Unlike what was observed in visceral pad, UCP-1 expression in subcutaneous fat was elevated in 70-day-old undernourished rats as compared with controls and it decreased to control values at 9 months, both in restricted rats and in those switched to standard chow. The most striking result was the sharp rise in UCP-1 expression in UCaf-9m: nearly 280 times (Fig. 4b) .
Hypercaloric Diet Affects the Hepatic Redox Status More Markedly after Undernutrition-We analyzed three factors closely related to oxidative stress in liver: the antioxidant enzymes glutathione peroxidase-1 (GPx-1) and glutathione reductase (GRs) and also uric acid (Fig. 5a ). Both enzyme expressions and uric acid remained unchanged among control groups. Undernutrition induced significant decreases in all of them. They tended to rise following the transfer of restricted rats to diets ad libitum, except GPx-1, which was not altered in the group rehabilitated with laboratory chow. It should be noted the sharp increase in uric acid in Ucaf9m rats.
Undernutrition Increases Insulin Sensitivity, Which Is Reduced by the High-lipid Diet-Nutritional conditions strongly affect the tissue responsiveness to insulin. Therefore, it was important to know if insulin hypersensitivity resulting from undernutrition was reversed after submission to ad libitum diets. To this end, we measured the overall insulin sensitivity by clamp experiments. Fig. 5, b and c, depict the results from clamps performed on 9-month-old rats. Blood glucose concentrations were maintained within the physiological range in all groups (Fig. 5b) . The glucose infusion rate was then 55% greater in the restricted rats (U9m) than in controls (C9m). The change of diet regime was associated with significant declines in all cases but the reduction was proportionally greater in animals previously undernourished than in controls (Fig. 5, b and c) . Steady-state hyperinsulinemia was at the same level in all groups of animals ( Fig. 5c) .
As a first approach to find specific tissues involved in the changes of whole body insulin sensitivity, we examined two steps of the insulin-signaling pathway, i.e. receptor and Akt phosphorylations, in liver and muscle of all 9-month-old populations. We did not find alterations in the total content of these proteins. Phosphorylation of the hepatic insulin receptor was increased in all groups following insulin stimulation but more markedly in undernourished rats. Transfer to the cafeteria diet reduced this response in controls. In the case of undernourished rats, the intensity of phosphorylation was also reduced after switching to ad libitum feeding regimes, especially with the cafeteria formula (Fig. 6a) . Comparable results were observed regarding Akt phosphorylation, although in this case we did not find differences in the level of phospho-Akt between the groups subjected to either chow or the cafeteria diet (Fig.  6a ). As expected, insulin receptor phosphorylation increased in the skeletal muscle of control and undernourished rats following insulin. Again, this response was markedly higher in the restricted animals. The high-lipid diet reduced the proportion of such responses in all groups of animals, but most notably in the undernourished (Fig. 6b) . With regard to Akt phosphorylation, the changes observed after insulin treatment were roughly parallel to those of receptor phosphorylation (Fig. 6b ).
Discussion
Hyperphagia-Most hyperlipidic diets in experimental models of obesity contain a high proportion of calories from fat, 40 -60%, to quickly achieve an obese insulin-resistant pheno-type (23) . This proportion was lower in the cafeteria formula used in this study, ϳ25%. High-lipid diets tend to induce hyperphagia, partially due to its concomitant richness in sucrose. The control rats under our cafeteria formula reduced the intake in weight terms, which, nevertheless, was similar in terms of calories to that of controls fed with standard chow a not uncommon result. In the undernourished rats, the consequences of rehabilitation differed: calorie intake with the lab chow increased marginally, whereas the high-fat formula induced hyperphagia. It is known that early undernutrition induces a specific preference for high-fat foods (24) , although the determinants of such behavior are not fully known. Nevertheless, as discussed below, some hypothalamic changes as well as leptin and insulin resistance could partially explain these disorders. In addition, the rate of gastric emptying is higher in early undernourished rats transferred to high-fat diets, which might lessen the feeling of satiety (25) .
Central Changes-The hypothalamic changes seen in NPY and POMC expression fit well with hyperphagia of undernourished rats. Particularly, disorders in the central anorexigenic pathways are essential for the programming of long-lasting energy balance disorders associated with early undernutrition (26) , so the fact that POMC expression remained low in restricted rats rehabilitated with cafeteria diet, suggests an important role in their hyperphagia. The arcuate nucleus contains receptors for both leptin and insulin. They activate and inhibit POMC and NPY neurons, respectively, resulting in reduced food intake. Leptin binding to its receptor (ObRb) stimulates the JAK/STAT and IRS/PI3K pathways. Our data show a defective leptin signaling in both pathways of undernourished rats that might be responsible for its hyperphagia. This does not rule out that other mechanisms, such as bloodbrain barrier disorders, could account for this hyperphagia. Indeed, Yura et al. (27) reported impaired transport of leptin across the brain-blood barrier in adult mice with fetal undernutrition. We also found a sharp increase in SOCS3, a suppressor of cytokine signaling, in undernourished rats. García et al. (28) have shown that the offspring of food-restricted dams also present high hypothalamic SOCS3 expression.
Insulin binding to its receptor (IR) activates PI3K through IRS1/2 phosphorylation, resulting in Akt activation. GSK3, a substrate of Akt, is an important transducer signal for the anorectic effects of insulin. The increase in phosphorylated IR, following hormone administration, was much higher in undernourished animals than in controls, as has been observed in adult rats with fetal undernutrition (29) . However, insulin did not increase phosphorylated GSK3, indicating hormone resistance. The same results have been reported for undernourished fetuses (30) . The insulin and leptin central resistances together with their low plasma levels, discussed later, help explain the increased energy intake of the undernourished animals. Leptin Surge-Plasma leptin undergoes a transient increase (the leptin surge) in suckling rodents, showing a peak around the 10th day of life (31) . It participates in the growth of neuronal circuitry involved in energy homeostasis. We found that the leptin surge was much shorter in the undernourished rats and did not peak at 10 days. Comparable results have been reported in other models of early nutrition imbalances (32, 33) . These deficiencies could reflect decreased milk or leptin production, or impaired absorption. Leptin is essential for the connections between NPY neurons and the paraventral nucleus, as well as for POMC projections toward other nuclei (34). Yura et al. (27) have reported these disorders in prenatally undernourished mice, which experienced premature leptin surge; these animals developed an obesity-prone phenotype. Offspring of obese rats displayed a prolonged leptin surge and subsequently exhibited hyperphagia (35) . On this basis, we suggest that the impaired leptin surge seen in the offspring of food-restricted rats leads to the improper development of hypothalamic functions involved in appetite control, leading to the excessive intake of high-fat food.
Adiposity-The results of our study are consistent with the fact that fat mass increases through middle age in both humans and rodents (36) . In the control rats, both visceral and subcutaneous adipose tissues contributed to the increase, whereas only subcutaneous fat significantly developed with age in the undernourished. Exposure to the cafeteria diet resulted in fat gain in both rat groups. However, obesity only occurred in the control animals, whose body weight and BMI significantly increased. Another marked difference between the control and food-restricted rats was that the relative gain in both types of fat was much larger in the latter group, showing that undernutrition can program a rapid replenishment of fat stores. It should be noted that this condition does not amplify the obesogenic effect of the cafeteria formula despite the relatively larger accretion of fat. This is due to the fact that LBM increases in undernourished rats. It enables them to completely catch up on the parameters of length and BMI and keeps the fat/LBM ratio low. The present study was conducted in female rats so it is not possible to draw conclusions on the consequences in males.
The control rats' LBM increased throughout the study period, especially when they became obese after transferring to the cafeteria diet. A comparable phenomenon has been seen in humans, whose LBM tends to rise with obesity (37) . After switching to ad libitum diets, the undernourished rats' LBM increased more markedly, which explains why their body lengths reached similar (with chow) or identical (with cafeteria formula) values to that of the age-matched controls, despite the severity and duration of food restriction. In view of the undernourished animals' high capacity to grow, the specific effect of the nutritional transfer on adiposity can be better estimated by analyzing the changes in the body fat/LBM ratio between 70 days and 9 months. This ratio increased in all rat groups subjected to the cafeteria formula but the increase was proportionally greater in the undernourished, thus confirming their notably higher capacity for fat accumulation under hyperlipidic regimes. In contrast, when lab chow was available ad libitum, the animals' body fat/LBM ratio did not change, that is, the rats did not gain fat per unit of lean mass. The proportion of visceral and subcutaneous fat pads relative to total fat mass remained unchanged in the control rats transferred to the cafeteria diet. In contrast, this formula, and the chow, had significant effects on these parameters in the undernourished. Both diets increased the proportion of visceral fat. Thus, undernutrition seems to predispose to a change in fat distribution when the circumstances allow for fat accretion, a fact that may involve an increase of metabolic risks. We therefore decided to explore whether adipose tissue from the restricted-rehabilitated rats had unhealthy characteristics, focusing on visceral fat, which is the most important with regard to various diseases (38) .
Inflammation and Macrophages-The dramatic increase in MCP-1 expression specifically seen in the visceral adipose tissue of undernourished rats subjected to the high-lipid diet suggests a high capacity for accumulating macrophages. Adipose tissue macrophages are classified as proinflammatory (M1) or anti-inflammatory (M2). A switch from the M2 to M1 phenotype occurs after migration to obese adipose tissue. M1 macrophages synthesize large amounts of proinflammatory mediators, including the majority of TNF-␣ present in adipose tissue. Undernutrition was associated with low TNF-␣ level. They increased in all rehabilitated rats but more markedly in the undernourished transferred to the high-fat diet, which is con- Fig. 1c . The relative levels of mRNA are expressed as indicated under "Experimental Procedures" (a). Glucose infusion rate, glycemia during the euglycemic-hyperinsulinemic clamps (b), final glucose infusion rate and final steady-state insulinemia in 9-month-old control (C), undernourished (U), and rehabilitated rats, are as indicated in the legend of Fig. 1c (b) . Data, given as bars, are the mean Ϯ S.E. of 6 to 7 independent determinations in each case. Values with a different letter differ significantly, p Ͻ 0.05. sistent with their higher MCP-1 expression. The rise in TNF-␣ in the other groups was unexpected, considering their low MCP-1 mRNA levels; however, adipocytes can also synthesize TNF-␣ (39) . Perhaps an increase in TNF-␣ production by fat cells occurred in these groups. TNF-␣ plays a prominent role in the low-grade inflammation associated with obesity and insulin resistance. Therefore, our study demonstrated that early chronic undernutrition worsens the inflammatory profile associated with fat mass expansion in response to a high-lipid diet. Even a balanced diet seems to aggravate this profile for rats exposed to early chronic food restriction.
Browning-The distinct dietary regimes had no effect on UCP-1 expression in white adipose tissues from the control rats. This expression was markedly depressed in the visceral fat of the food-restricted rats, as seen in early undernourished mice (40) . This decrease probably limits energy expenditure thereby favoring fat deposition, adaptations appropriate for food restriction. The transfer of these rats to high-lipid diets significantly increased visceral UCP-1 expression, which probably indicates larger amounts or activity of brite adipocytes, an adaptation that could constrain a rapid gain in fat mass despite their hyperphagia. Surprisingly, UCP-1 expression declined to nearly undetectable levels after rehabilitation with chow, perhaps to minimize the fat catabolism for heat generation in white adipose tissue, which is inadequate when the priority is to catch up. Contrary to what was found in the visceral pad, subcutaneous UCP-1 expression was enhanced in 70-day-old undernourished rats, an unexpected result not explained at present. A most remarkable result was the increase in the subcutaneous UCP-1 of rats transferred to the high-lipid diet, which was much higher than that shown in visceral pad. It is known that subcutaneous white adipose tissue is more prone to browning than visceral, because of its high PRDM16 expression, which is a major transcriptional regulator of brown-like fat cell differentiation (41) . Increased brite adipocyte levels and hyperexpression of ectopic UCP-1 confer resistance to diet-induced obesity (42, 43) , as probably occurs in the undernourished rats. Dyslipidemia, Ectopic Lipids, and Oxidative Stress-The cafeteria formula did not modify either triglyceridemia or cholesterolemia in the control rats, in contrast to other regimes richer in fat (44) . When the undernourished were transferred to lab chow, their reduced triglyceride levels persisted. However, a transfer to the cafeteria diet raised serum triglyceride and cholesterol levels, causing hyperlipidemia. Therefore, a moderately hyperlipidic diet following chronic undernutrition promotes a biochemical blood profile associated with cardiovascular risk.
Hypercaloric feeding increases ectopic lipid levels. The moderately high-lipid cafeteria formula did not change the hepatic content of triglycerides in the control rats, but this diet and the lab chow induced significant increases in the previously foodrestricted animals. Earlier studies support the concept that uric acid is a biomarker of fatty liver (45, 46) . Thus, the observed increase of this metabolite in liver of undernourished-rehabilitated rats would be in agreement with the possible development of fatty liver, as also suggested by the above mentioned increase in triglycerides. Regarding muscle, the restricted rats also showed a slight increase in triglyceride levels, which might have resulted from reduced oxidation as an adaptation to the limited dietary lipid availability. Muscle triglyceride levels notably increased when these animals were given ad libitum food, especially the high-lipid diet. This seems consistent with a further reduction in lipid catabolism. In fact, high-fat diets decrease muscle oxidative capacity, inducing a fiber transition from type I to II (47) , with fewer mitochondria.
It is known that undernutritrion increases insulin sensitivity (see below), whereas ectopic lipids lead to insulin resistance. Consistently, we have found that the elevated effects of insulin on its receptor and Akt activations in liver and skeletal muscle of undernourished rats were markedly reduced after rehabilitation with the cafeteria diet, in coincidence with the ectopic lipid deposition in these tissues.
Oxidative stress is involved in liver disorders and can be produced by increasing pro-oxidant systems and/or reducing antioxidant enzymes. GPx and GRs were not affected by the highlipid diet in the controls. However, both activities were decreased in the undernourished rats, which could be an adaptation to hypothetically reduced reactive oxygen species generation associated with caloric restriction (48) . With the transfer to the ad libitum regime, the rats' GRs expression increased with both diets, as did GPx expression with the cafeteria formula. A stimulated liver catabolism resulting from the greater availability of nutrients could result in greater reactive oxygen species generation and a consequent increase in antioxidant defenses, which did not happen in the control rats. These results suggest that hypercaloric diets affect the hepatic redox state more strongly when provided after undernutrition.
Insulin Sensitivity-Our clamp studies corroborate that undernutrition increases insulin sensitivity (16) . Exposure to the high-fat diet decreased it in both the control and restricteddiet rats, confirming that these diets promote insulin resistance (49) . The new finding here is that insulin responsiveness is reduced after chronic food restriction even with a balanced diet, suggesting that undernutrition predisposes animals to this disorder. The results regarding effects on liver and muscle insulin signaling corroborate this suggestion.
It is noteworthy that the controls transferred to the cafeteria formula remain normoglycemic and normoinsulinemic despite their insulin resistance. At present, the mechanisms leading to this unexpected situation are unknown.
In 9-month-old undernourished rats, insulinemia has been normalized, which could be explained by a regenerative capacity of ␤-cells previously reported in undernourished adult rats (50) . After rehabilitation, these rats became hypoinsulinemic, regardless of dietary regime. Perhaps alterations in liver responsiveness to counterregulatory hormones could be an explanation. In fact, it has been shown that early restricted rats have liver glucagon resistance (14) . The possibility that a similar situation develops in restricted-rehabilitated rats remain to be investigated.
Conclusion
Population studies have suggested an association between early undernutrition and increased risk for obesity, although this is controversial. In the present study, based on a rat model of severe food restriction, the rehabilitation of these animals with either a moderately high-lipid or a balanced diet did not lead to overt obesity. However, the previous undernutrition worsened the deleterious effects associated with rehabilitation, especially with the high-fat diet. The undernourished rats experienced hypothalamic disorders favoring hyperphagia. After transferring these rats to a hypercaloric diet, the rapid replenishment of fat stores and weight recovery were accompanied by dyslipidemia and ectopic lipid deposition, along with signs of steatosis. In addition, these animals increased the proportion of visceral fat, which presented a more proinflammatory profile. It can be concluded that adult rats subjected to severe undernutrition at an early age have a greater susceptibility to present metabolic alterations after nutritional rehabilitation, even if they do not achieve obesity parameters.
